Library searches of mass spectra are an important part of mass spectrum interpretation; they constitute the essential part of a mass spectra expert system. A lot of efforts [1] [2] [3] [4][5] [6] [7] [8] [9] [10] [11] have been made in this field. Hertz 2 presented a very nice discussion. So far, two strategies of library searches have been widely accepted, the forward search and the reverse search 3 and the latter was strongly recommended. 7 However, there is still room for improvements in library searches of mass spectra. To our knowledge, there are at least two problems unsolved in the field of library search of mass spectra: 1) the spectrum of the unknown is not in the library, but only spectra of similar molecule structures; and 2) the spectrum of the unknown is not in the library and there are not similar ones in the library either. We will not discuss the second problem in this paper because it concerns the structural interpretation of mass spectra.
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The aim of this paper is to try to solve problem 1. To our knowledge, if the spectrum of the unknown compound is in the spectral library, it will match well with the target reference spectrum by existing methods without difficulty. However, if the spectrum of the unknown is not in the spectral library, the search results are not always good enough. In our opinion, a valid algorithm should include the following two features: 1) pick out the real one when the spectrum of the unknown is in the mass spectral library; 2) pick out the most structurally similar one when the spectrum of the unknown is not in the library. In this way, a similarity search can afford help to the manual or machine interpretation of mass spectrum of the unknown. In order to achieve the task discussed above, the correlation between spectral similarity and structural similarity was firstly clarified. Then, a novel but also simple similarity index was developed based on this. Finally, some experiments and comparisons of results with the ones from the commercial instrument of Shimadzu were conducted in order to show the superiority of our method.
Theory and Methodology

Mass spectra and structural similarity
A similarity index is needed in order to assess the structure similarity. It is well known that the molecules of similar structure, in general, will give similar mass spectra. It is such a basis that makes the library search doable. If the similarity index has a value close to 100% (for instance, bigger than 90%), this means that they two are quite similar in molecular structure. Otherwise, the structures of the two molecules are taken as different. Figure 1 A new matching algorithm for library searches of mass spectra is presented in this paper. The algorithm is based on the substructure similarity of substances. It emphasizes m/z positions rather than abundance values. 32 spectra, whose corresponding molecular weights are less than 200, were randomly selected from a mass library of 61993 spectra and taken as targets of library search to illustrate the availability of this algorithm. The results show that the algorithm is better than the one built in a commercial instrument when there is no spectrum of the unknown in the library but there are similar ones. NIST62 mass library. The structural graphs of these two molecules are also shown in Fig. 2 . From the structural graphs of the two molecules, one can see that they are quite similar, since the only difference between them is the number of methyl groups in the molecules. However, the similarity index given by the retrieval program built in the GCMS-QP5000 of Shimadzu (see Eq. (1)) 12 is only 52.74%. Figures 3 and 4 show another example of two similar molecules. However, the similarity index between them given by the retrieval program is also only 54.14%. In order to overcome the above puzzle, it seems to be necessary to investigate the relationship between the similarity of structure and the similarity of mass spectra.
In our opinion, the structural similarity of the two molecules is based on the following facts: 1) similarity between the functional groups in the molecules; 2) similarity of the connections among the groups. The first fact means the substructure similarity and the second one means the similarity of the whole molecule. Unfortunately, it is difficult to figure out the structures from an unknown mass spectrum. We cope with this problem by assuming that each peak is corresponding to a substructure. Although this assumption is not perfect, it is practical for the library searches of mass spectra because a library search is essentially to compare peaks of the unknown spectrum with peaks of spectra in the library. From the example mass spectra shown in Figs. 1 and 3 , we can see that the substructures of the pair molecules are quite similar, the difference mainly comes from their abundance values. This is because the base peaks (of 100% height in mass spectra) of the pair molecules have of different m/z values. Thus, the m/z values of the peaks in a mass spectrum should be more important than their corresponding abundance values.
Algorithms of similarity index
Most retrieval programs available emphasize the abundance values in mass spectra. The one cited here is from the commercial instrument of Shimadzu.
12 SI% = 1 -× 100
Where, SI% is similarity index, and Iu and Ir are the peak abundance values of the unknown and the reference, respectively. The advantage of Eq. (1) is its simplicity. The algorithm can, of course, give a good search result when the spectrum of the unknown is in the library. But, there are some problems when one tries a similarity search as shown previously.
In order to remedy this, a new similarity index is proposed as follows:
Where, Iu,0 and Ir,0 are abundance values of the unknown and the reference spectra which do not have the same m/z value hinting that one of two abundance values must be zero or less than 2 (base peak is 100), whereas Iu,m/z and Ir,m/z are abundance values of the unknown and the reference spectra which have the same m/z value. Then, the peak heights of the reference spectrum are adjusted to the same as that of the unknown, that is, Iu,m/z and Ir,m/z are always the same, in order to reduce the influence of the abundance value. It means that the peaks with the same m/z value are taken as they are from the same substructure, while their abundance values are discarded. But for the peaks with different m/z values, during the comparison the abundance values are kept unchanged to emphasize their dissimilarity. It is worth noting that the peaks with abundance values less of than 2 (base peak is 100) are also kept unchanged. Any kind of adjustment of these peaks may cause errors because it is difficult to distinguish them from the noise interference.
Experimental
Mass spectrum library For the convenience of research, we established a mass library from the NIST62 mass library in GCMS-QP5000 of Shimadzu. All data are stored in binary form and MATLAB data form.
Data and computer programs
32 spectra of materials whose corresponding molecular weights are less than 200 were selected randomly from the mass library and were taken as unknowns. Only seven of them are listed due to the brevity of this paper. For these seven the commercial instrument of Shimadzu gives bad results. They are dimethylamine borane, 4-methyl-cyclohexanone, 1,2-dithiane, (1) and (2) are used to calculate the similarity index. The spectra number included in each library search is around 5000 -10000. All programs are written in MATLAB 5.1 and run on PC (CPU 200, RAM 64 MB).
Results and Discussion
The searching results for 32 targets show that the retrieval procedure proposed in this paper is in general better than the one from the commercial instrument of Shimadzu. Both procedures can, of course, find the targets, since they are all in the library. Among the 32 target searches, the two procedures can find the same compounds for 25 targets. These compounds are listed in the second location of all the searching results, for the first ones in the list are the targets themselves. But the retrieval procedure from commercial instrument of Shimadzu gives bad results for 7 targets, which are shown in Tables 1 and  2 . The reason is that our algorithm does not emphasize the abundance but the algorithm of Shimadzu does. It is well known that the spectrum of a substance will change in abundance value under different operation conditions. That may be the reason that the algorithm of Shimadzu gives a low similarity index result even for structurally similar molecules. But, if there are no similar compounds of the unknown in the library, the index proposed in this paper will not give reliable results either. Figure 5 shows the spectra of 2[3H]-benzofuranone,3a,7a-dihydro-5-hydroxy-4-[1-oxo-3-phenyl-2-propenyl]-and the search results for both procedures. One can see from the spectra that the corresponding substructures are quite different, so the search results are not reliable for either index. We have made a manual check to confirm that there is really no similar compound in the present library.
From the results of this paper, one can see that a simple but efficient algorithm of similarity index can be established based on substructure similarity. And the search result by our method is the same as or better than that built in the commercial instrument of Shimadzu.
It is worth pointing out here that the procedure proposed in this paper is just an accessory for library searches of mass spectra. Its effectiveness appears only when there is no spectrum of the unknown in the library but there are similar ones. For the situation where the spectrum of the unknown is in the library, both procedures work equally well.
